Purpose Inhibitors of monoamine oxidase A (MAOA), a mitochondrial enzyme that degrades neurotransmitters including serotonin and norepinephrine, are commonly used to treat neurological conditions including depression. Recently, we and others identiWed high expression of MAOA in normal basal prostatic epithelium and high-grade primary prostate cancer (PCa). In contrast, MAOA is low in normal secretory prostatic epithelium and low-grade PCa. An irreversible inhibitor of MAOA, clorgyline, induced secretory diVerentiation in primary cultures of normal basal epithelial cells and high-grade PCa. Furthermore, clorgyline inhibited several oncogenic pathways in PCa cells, suggesting clinical value of MAOA inhibitors as a prodiVerentiation and anti-oncogenic therapy for high-risk PCa. Here, we extended our studies to a model of advanced PCa, VCaP cells, which were derived from castration-resistant metastatic PCa and express a high level of MAOA. Methods Growth of VCaP cells in the presence or absence of clorgyline was evaluated in vitro and in vivo. Gene expression changes in response to clorgyline were determined by microarray and validated by quantitative real-time polymerase chain reaction. Results Treatment with clorgyline in vitro inhibited growth and altered the transcriptional pattern of VCaP cells in a manner consistent with the pro-diVerentiation and antioncogenic eVects seen in treated primary PCa cells. Src, beta-catenin, and MAPK oncogenic pathways, implicated in androgen-independent growth and metastasis, were signiWcantly downregulated. Clorgyline treatment of mice bearing VCaP xenografts slowed tumor growth and induced transcriptome changes similar to those noted in vitro. Conclusion Our results support the possibility that antidepressant drugs that target MAOA might Wnd a new application in treating PCa.
Introduction
Prostate cancer (PCa) screening has led to more frequent diagnosis of lower stage disease (Ilic et al. 2007 ); however, 3.5% of patients will present with locally advanced or metastatic cancer. Among patients with localized PCa, onethird will fail local therapy (Han et al. 2001) . The Wrst line of treatment for these patients is androgen-deprivation therapy (ADT) (Heidenreich et al. 2008) . Despite ADT, a portion of these patients will relapse to a state of androgenindependent PCa (Johansson et al. 2004 ). Currently, docetaxel-based chemotherapy is the standard of care for patients with symptomatic metastatic androgen-independent PCa, but the overall time of survival is less thanto treatment and a better understanding of this stage of advanced PCa are needed.
Monoamine oxidase A (MAOA) is a mitochondrial enzyme that degrades neurotransmitters such as serotonin and norepinephrine (Shih et al. 1999 ). As such, MAOA has been widely studied in the context of neurological disorders such as depression and Parkinson's disease (Youdim et al. 2006) . MAOA is also expressed in non-neuronal tissues, but its biological functions in these tissues are unknown. Recently, MAOA was found to be one of the most highly diVerentially overexpressed genes at the transcript level in high grade (Gleason grades 4 and 5), poorly diVerentiated primary PCa compared to low grade (Gleason grade 3), well-diVerentiated PCa, suggesting a role in the progression and/or aggressiveness of high-grade cancer (True et al. 2006) . Immunohistochemistry of tissue microarrays comprising >800 benign and cancerous prostate specimens also showed a signiWcant association between high levels of MAOA protein expression and grade 4/5 cancer (True et al. 2006) . In another study, we found that men whose grade 4/5 cancers had the highest levels of MAOA protein had higher levels of preoperative serum prostate-speciWc antigen (PSA) and higher percent of grade 4/5 PCa, two signiWcant prognostic factors for recurrence following radical prostatectomy . MAOA, therefore, appears to be a deleterious feature of PCa.
Overall, little is known about the function of monoamine oxidases in cancer (Pietrangeli and Mondovi 2004) . The Wndings of True et al. (2006) prompted us to investigate the biological activity of MAOA in experimental models of PCa. While conWrming the elevated expression of MAOA in highgrade cancers in archival prostatectomy specimens, we also noted high levels of MAOA immunoreactivity in the basal epithelia of normal prostatic glands ). MAOA was absent or very low, however, in normal diVerentiated secretory (luminal) epithelia. Primary cultures of normal prostatic basal epithelial cells retain high expression of MAOA and treatment with clorgyline, an irreversible MAOA inhibitor, induced secretory cell-like morphology, repressed expression of the basal cell marker, cytokeratin 14, and induced mRNA and protein expression of androgen receptor (AR), the quintessential characteristic of prostatic secretory epithelial cells . We conWrmed that AR was active in these cells and that androgen induced the expression of AR target genes such as prostate-speciWc antigen (PSA) . MAOA expression was decreased in these cells, as is typical of secretory cells in normal tissues . These studies suggest that the function of MAOA in the normal prostatic epithelium is to maintain basal or progenitor cells in the undiVerentiated state. A similar function of MAOA has been reported in neuronal stem cells, in which inhibition of MAOA promotes stem cell diVerentiation (Chiou et al. 2006) . Based on our Wndings in normal cells, we hypothesized that elevated expression of MAOA in high-grade PCa contributes to its poorly diVerentiated phenotype. We performed microarray analysis of primary cultures derived from high-grade cancer treated with or without clorgyline to assess global changes in gene expression in response to inhibition of MAOA. Clorgyline induced AR as well as many genes associated with secretory cell diVerentiation ). Importantly, clorgyline also inhibited many gene pathways associated with oncogenesis ). Taken together, this recent evidence suggests that MAOA expression in high-grade PCa may have a direct role in maintaining a dediVerentiated phenotype and promoting aggressive behavior. Drugs that target MAOA, therefore, may have utility for preventing progression of well diVerentiated to poorly diVerentiated cancer, or for treating primary adenocarcinomas at high risk for recurrence following surgery.
Our goal in this study was to extend these Wndings to a model of metastatic PCa and expand our understanding of the eVects of MAOA inhibition. We chose the VCaP cell line as a realistic model of advanced human PCa. VCaP cells were derived from a vertebral metastatic lesion of a patient with androgen-independent PCa (Korenchuk et al. 2001 ). These cells possess many of the same characteristics as clinical PCa including expression of PSA and wild-type AR (Korenchuk et al. 2001 ). In particular, VCaP cells have the TMPRSS2-ERG gene fusion (Tomlins et al. 2005) , the most common genetic change in PCa. Because our past research suggested that MAOA plays a key role in the maintenance of a less-diVerentiated phenotype in highgrade primary PCa, we hypothesized that inhibition of MAOA in VCaP cells might similarly promote diVerentiation and exert anti-tumor activity. This hypothesis was tested in both in vitro and in vivo settings and the results support the concept that MAOA may be a viable new target for treating advanced PCa.
Materials and methods

Cell culture and reagents
VCaP cells were a gift from Dr. Ken Pienta (University of Michigan). Cells were maintained in Dulbecco's modiWed Eagle medium (DMEM, Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT). Primary cultures of normal human prostatic epithelial (E-PZ) and stromal (F-PZ) cells, stromal cells from benign prostatic hyperplasia (F-BPH), and cancer-derived epithelial (E-CA) and stromal (F-CA) cells were established and characterized as previously described (Peehl 1992; Peehl and Sellers 2000) . Clorgyline (N-methyl-N-propargyl-3-propylamine hydrochloride, Sigma-Aldrich, St. Louis, MO) was prepared at a concentration of 100 mM in sterile water.
Enzymatic activity assay of MAOA
A bioluminescent enzyme assay of MAOA was performed using MAO-GloTM Assay kit (Promega, Madison, WI) as previously described . BrieXy, 3 million cultured cells were harvested and lysed in 0.2 ml of 1£ Reporter Lysis BuVer. Twenty-Wve microliters of cell lysate were incubated with an equal volume of 2£ MAO Substrate Solution at room temperature for 3 h. Fifty microliters of Luciferin Detection Reagent were then added and incubated for 20 min at room temperature. MAOA activity in each sample was normalized against the protein concentration of the same sample determined using the Bradford assay (Bio-Rad, Hercules, CA).
Cell viability and proliferation assays
Cell viability was assessed after 24 h treatment with 0, 1, 10, and 50 M clorgyline using MTT assay. SpeciWcally, 5 £ 10 4 cells were seeded into each well of a 96-well plate in 100 l of DMEM with 10% FBS. Another 100 l of DMEM with 10% FBS and 0, 2, 20, and 100 M clorgyline were added to the wells the next day. After 24 h of treatment, cell viability was examined using an in vitro MTT-based toxicity kit (Sigma-Aldrich) according to manufacturer's instructions. For the proliferation assay, VCaP cells (5 £ 10 5 ) were seeded into each 60-mm dish in DMEM with 10% FBS. The next day, cells were treated with 1 M clorgyline or diluent control. Cells were fed fresh medium on days 3 and 6. On days 1, 2, 4, 7, and 10, cells from triplicate dishes were harvested and counted.
Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) Total RNA from control and treated cells was isolated using Trizol (Invitrogen). RNA (5 g) was then converted to cDNA using SuperScript III Reverse Transcriptase (Invitrogen). The cDNA product was mixed with SYBR ® GreenER™ qPCR SuperMix (Invitrogen) and primers of choice (Supplementary Table S1 ) in the subsequent PCR using a MxPro3000 real-time PCR Detection System (Stratagene, La Jolla, CA). Each reaction was done in triplicate to minimize experimental variation (standard deviation was calculated for each reaction). Transcript levels of TBP or GAPDH were assayed simultaneously as an internal control to normalize transcript levels in control and treated cells.
Microarray hybridization
Fluorescently labeled cDNA probes were prepared from 50 g of total RNA by reverse transcription using an Oligo dT primer 5Ј-TTTTTTTTTTTTTTTT-3Ј (Qiagen, Valencia, CA) and indirect amino-allyl labeling as described previously ). Cy5-labeled probes from control or clorgyline-treated cells for each time point were mixed with Cy3-labeled probes from Universal Human Reference RNA (Stratagene) and hybridized overnight at 65ºC to spotted high-density oligonucleotide microarrays with 42,941 elements (Stanford Functional Genomics Facility, Stanford, CA). Microarray slides were then washed to remove unbound probe and scanned with a GenePix 4000B scanner (Axon Instruments, Inc., Union City, CA).
Microarray data processing and analysis
The acquired Xuorescence intensities for each Xuoroprobe were analyzed with GenePix Pro 5.0 software (Axon Instruments, Inc.). Spots of poor quality were removed from further analysis by visual inspection. Data Wles containing Xuorescence ratios were entered into the Stanford Microarray Database (SMD) where biological data were associated with Xuorescence ratios and genes were selected for further analysis (Sherlock et al. 2001) . Data were retrieved only from spots with a signal intensity >150% above background in either Cy5-or Cy3-channels from SMD. Common genes among diVerent data sets were identiWed using Microsoft Excel. The Chi-square test was used to determine gene enrichment. The microarray data were deposited in GEO (accession number GSE19822).
Xenograft tumor growth assay
One million VCaP cells were suspended in 50 l of phosphate-buVered saline (PBS) and mixed with an equal volume of Matrigel ECM (Becton-Dickinson, Bedford, MA) on ice. Cells were injected subcutaneously into the dorsallumbar region of 22 RAG2-/-c-/-male mice [immunodeWcient mice that lack NK cell activity as well as T and B cells (Cooper et al. 2001) ]. QuantiWcation of tumor volume using calipers was performed biweekly to monitor and track tumor growth (tumor volume = /6 £ length £ width 2 ). Once the tumors reached a grossly measurable size of 200-300 mm 3 , 11 mice were used as control with daily intraperitoneal injection of water and 11 were injected intraperitoneally with 10 mg/kg of clorgyline daily for up to 21 days. Mice whose tumors became ¸2,000 mm 3 before the end of the 21-day treatment regimen were killed. All tumors were harvested and snap frozen immediately after animals were killed. Histopathology of hematoxylin-and eosin-stained frozen sections of each tumor was evaluated. Tumor volume doubling time was calculated as the square root of the total growth period (days) divided by the fold change between the Wrst and last measurements. Boxand-whisker plots were generated using MedCalc software (Mariakerke, Belgium). All of the animal experiments were done in accordance with NIH animal use guidelines, and the protocol was approved by the University Committee on Animal Resources at Stanford University.
Gene expression analysis of xenografts
Six mice bearing VCaP xenografts of similar size were used. A single clorgyline injection (10 mg/kg) was given to each of three mice, and three control mice were injected with water. After 24 h, all six mice were killed and xenografts were harvested. Total RNA was isolated from the xenografts using Trizol (Invitrogen), and 5 g of RNA were used for qRT-PCR analysis of gene expression as described above.
Statistical analysis
One-way analysis of variance was used for comparison between multiple groups, and student's t-test was used to compare two groups. SigniWcance was deWned as P < 0.05.
Results
VCaP cells express MAOA
The transcript level of MAOA in VCaP cells was compared to that in human prostatic Wbroblasts and epithelial cells cultured from normal (F-PZ and E-PZ) or malignant (F-CA and E-CA) tissues ( Supplementary Fig. 1 ). As previously reported , cultured prostatic Wbroblasts express little MAOA, mimicking lack of expression of MAOA in the human prostatic stroma. Basal epithelial cells cultured from normal tissues or epithelial cells from malignant tissues, however, express signiWcant levels of MAOA, similar to levels of expression of MAOA in the normal prostatic basal epithelium and in high-grade primary adenocarcinomas of the prostate Zhao et al. 2008 ). The level of MAOA mRNA in VCaP cells was comparable to the level in primary cultures of epithelial cells and 5-to 100-fold higher than the level in stromal cells ( Supplementary Fig. 1a ). In addition, Western blot analysis showed that the MAOA protein level in VCaP cells was similar to that in E-CA cells, whereas no MAOA protein was detected in stromal cells ( Supplementary  Fig. 1b) . These results conWrm that the VCaP cell line is a suitable model to study MAOA function in advanced metastatic PCa.
Clorgyline slows in vitro growth of VCaP cells
We determined the eVect of clorgyline, an irreversible inhibitor of MAOA ), on MAOA enzymatic activity in VCaP cells. In the cell lysate of VCaP cells treated with 1 M of clorgyline for 24 h, MAOA activity was decreased by 98% compared to that in control VCaP cells (Fig. 1a) . MTT-based cell viability assay detected no toxicity of clorgyline to VCaP cells after 24 h even at a concentration of 50 M (Fig. 1b) . To determine the eVect of inhibition of MAOA on cell growth, VCaP cells were cultured in DMEM with 10% FBS over a 10-day period with or without clorgyline. In the presence of 1 M clorgyline, cell growth was inhibited consistently throughout the course of the experiment (Fig. 1c) . The maximum diVerence between control cells and cells treated with clorgyline was seen 10 days after initiation of treatment, at which time the number of treated cells was 47% that of control cells. Therefore, inhibition of MAOA by clorgyline slowed the proliferation of VCaP cells in vitro.
Transcriptome changes in response to clorgyline
We previously examined the eVects of clorgyline on the transcriptional program of E-CA cells cultured from highgrade primary adenocarcinomas of the prostate . A similar analysis was performed with VCaP cells. At time zero, semi-conXuent VCaP cells were fed DMEM with 10% FBS and diluent (control) or 1 M clorgyline (treated). Total RNA was isolated at 24 h and subjected to cDNA microarray analysis. In clorgyline-treated VCaP cells, 2,944 genes were upregulated at least twofold and 778 genes were downregulated at least twofold compared to control (Supplementary Table S2 ). The number of downregulated genes was much lower than that of upregulated genes, consistent with our previous study using E-CA cells, in which expression of 4,026, 5,606 and 2,299 genes was increased and 3,576, 2,486, and 597 genes decreased by at least twofold in response to clorgyline at 6-, 24-, or 96-h time points, respectively. In E-CA cells, expression of 156 genes was signiWcantly increased in response to clorgyline as determined by signiWcance analysis of microarrays (SAM) (Tusher et al. 2001 ). Seventy of the 156 genes in the SAM list of genes upregulated in E-CA were increased by at least twofold in clorgyline-treated VCaP cells (Table 1) . By chance, only 18 genes were expected to overlap between the two gene lists; therefore, these Wndings represent a signiWcant enrichment (P < 10 ¡33 ). In addition, only 1 of the 156 SAM genes upregulated in E-CA cells was found in the list of genes downregulated in VCaP cells by clorgyline (the expected number of genes by chance was 5). Expression in treated VCaP cells of the top 10 genes selected by SAM as upregulated in clorgyline-treated E-CA cells was measured by qRT-PCR. All ten genes showed signiWcantly increased RNA levels in VCaP cells treated with clorgyline compared to control (Fig. 2) . These results suggest that inhibition of MAOA by clorgyline induced similar eVects on the transcriptome of VCaP cells to those that we previously observed in epithelial cells cultured from high-grade primary adenocarcinomas.
Inhibition of MAOA counteracts oncogenic pathways in VCaP
The SAM list generated from clorgyline-treated E-CA cells is enriched with genes repressed in 7 of 12 oncogenic pathway signatures compiled from the literature (Creighton 2008) . Its overlap with the list of genes regulated by clorgyline in VCaP cells suggested that inhibition of MAOA by clorgyline induced anti-oncogenic eVects in VCaP cells similar to those we observed in E-CA cells. To gain a comprehensive understanding of the eVects of inhibition of MAOA on oncogenic pathways, we compared genes whose expression changed at least twofold in response to clorgyline in VCaP cells with 12 oncogenic pathway signatures (Creighton 2008) . Three of the pathways showed statistically meaningful changes in gene expression in clorgyline-treated VCaP cells compared to control, namely the Src, beta-catenin, and MAPK pathways. SpeciWcally, of the 1,944 genes downregulated by Src (Creighton 2008) , 518 were upregulated in VCaP cells due to clorgyline treatment, which is signiWcantly enriched (P < 10 ¡84 ), while 76 of the 1,507 Srcinduced genes were downregulated by clorgyline in VCaP cells (P < 10 ¡4 ) (Fig. 3a) . Similarly, clorgyline signiWcantly upregulated genes suppressed by beta-catenin (Creighton 2008) , including APC, as well as genes suppressed by MAPK with P < 10 ¡61 and P < 10
¡3
, respectively (Fig. 3b,  c) , although genes induced by beta-catenin and MAPK were not enriched in the list of genes downregulated in VCaP cells by clorgyline. These results suggest that clorgyline treatment induces a transcriptional program that is inversely correlated with Src, beta-catenin, and MAPK pathway signatures, indicating that MAOA inhibition may, at least partially, reverse these oncogenic pathways.
Inhibition of MAOA regulates androgen signaling in VCaP Cells
We previously reported that clorgyline induced AR signaling in cultures of prostatic epithelial cells derived from both normal tissues as well as from primary adenocarcinomas . When compared with a list generated by DePrimo et al. (DePrimo et al. 2002) of 258 genes upregulated by androgen in LNCaP cells (a PCa cell line derived from a lymph node metastasis that has a mutated AR), 59 of these genes were also upregulated in VCaP cells treated with clorgyline, representing a highly signiWcant enrichment (P < 10 ¡6 ) ( Fig. 3d ; Table 2 ). The list of 59 genes includes a number of well-known androgen-induced genes such as ELL2, NDRG1, and TPD52 (O'Malley et al. 2009; PXueger et al. 2009; Rubin et al. 2004 ). Interestingly, the canonical AR target gene, PSA, is not on the list of genes identiWed as regulated by androgen in LNCaP cells by Deprimo et al., and the expression of PSA was surprisingly decreased by 3.3-fold in the microarray analysis of clorgyline-treated VCaP cells despite the slight upregulation of AR by 1.5-fold. Consistent with the microarray results, PSA expression as determined by qRT-PCR in clorgyline-treated cells was decreased by 60% compared to control, whereas AR expression was upregulated by 3.7-fold (Fig. 4) . The TMPRSS2-ERG fusion transcript, typically induced by AR, was also downregulated by 45% (Fig. 4) . The 23 genes downregulated in LNCaP cells by androgen that were identiWed by DePrimo et al. were not enriched in the list of genes downregulated by clorgyline in VCaP cells. These results suggest that clorgyline inXuenced androgen signaling in VCaP cells in a complex manner in that it upregulated AR and a subset of androgen-regulated genes yet unexpectedly downregulated other targets that are classically induced by AR. Clearly, further investigations are needed to understand the mechanisms and consequences of such eVects. 
Clorgyline induces diVerentiation-related genes
In normal and malignant primary cultures of prostatic epithelial cells, clorgyline induced the expression of genes associated with secretory diVerentiation . Genes speciWcally expressed in secretory prostatic epithelial cells as identiWed by Liu and True (2002) were signiWcantly enriched in clorgyline-induced genes in VCaP cells (Table 3 ). In addition, the classic secretory cell marker cytokeratin 18 was also upregulated 2.8-fold, which is consistent with our previous conclusion that inhibition of MAOA promotes secretory diVerentiation in normal and malignant prostatic epithelial cells. Moreover, clorgyline treatment of VCaP cells induced genes normally repressed by EZH2 (Yu et al. 2007 ) ( Table 3 ). The enrichment of EZH2 target genes in the list of genes upregulated by clorgyline is statistically signiWcant (P < 0.05). EZH2 is a critical component of a multiprotein complex that represses the expression of genes involved in diVerentiation (Sellers and Loda 2002) . We determined the expression of EZH2 by qRT-PCR and found that it was downregulated by 36% in clorgyline-treated cells compared to control (Fig. 4) . Taken together, these results suggest that clorgyline promotes diVerentiation in VCaP cells, possibly by restoring gene expression suppressed by EZH2.
Clorgyline inhibits xenograft tumor growth
To investigate the eVect of clorgyline treatment on tumor growth in vivo, we treated VCaP xenograft-bearing mice with daily clorgyline injections. Xenografts were generated from VCaP cells injected subcutaneously into 22 immunodeWcient RAG2-/-c-/-male mice (Cooper et al. 2001) .
Once the tumors reached a grossly measurable size of 200-300 mm 3 , 11 mice were intraperitoneally injected with water as control and 11 were injected with 10 mg/kg of clorgyline daily for up to 21 days. The mice were randomized and the tumor volume was equivalent between the treated and control groups. SpeciWcally, the mean tumor volume of the treated group was 275 § 77 mm 3 at the start of the treatment, whereas the control group was 278 § 66 mm 3 . We chose the concentration of 10 mg/kg because similar doses of clorgyline have been used extensively in neurological studies in mice (Fox et al. 2007; Kitanaka et al. 2006; Thomas et al. 2008 ) and were reported to be eVective. The clorgyline-treated group had a longer tumor volume doubling time than the control group (Fig. 5a) . The mean doubling time was 12.3 versus 9.1 days for the treated and control groups, respectively (P = 0.02). The mean tumor volume in the clorgyline-treated group was consistently lower compared to control over the entire course of treatment with the biggest diVerence observed at the end of the experiment (Fig. 5b) . H&E-stained sections of the harvested tumors showed similar histopathology between treated and control xenografts, with no evidence of dramatically increased cell death or necrosis in the treated tumors (Fig. 5c ). In conjunction with the in vitro Wndings, these results suggest that inhibition of MAOA slows tumor growth in vivo mainly by slowing proliferation rather than by inducing apoptosis.
Clorgyline induces changes in gene expression in xenografts
In a separate experiment, we evaluated the expression levels of the top 10 SAM genes upregulated by clorgyline in E-CA and VCaP cells in vitro in xenografts from mice with or without clorgyline treatment. VCaP xenografts from three mice were harvested 24 h after a single clorgyline injection into each mouse. Another three xenografts from mice injected with water were harvested at the same time and used as control. Six of the 10 genes were signiWcantly upregulated in VCaP xenografts from mice treated with clorgyline as determined by qRT-PCR (Fig. 5d ), suggesting that clorgyline had similar eVects on the transcriptional program of VCaP cells in vivo and in vitro. We also performed qRT-PCR to determine expression levels of AR, PSA, EZH2, APC, and TMPRSS2-ERG in clorgyline-treated xenografts compared to control. None of these were statistically signiWcantly diVerent between the treated and control groups, possibly due to small sample size (N = 3 for each group). Since expression changes of these genes were not particularly large even in the in vitro setting, it perhaps would not be unanticipated that changes would be diYcult to demonstrate in the more complex in vivo environment.
Discussion
Using VCaP cells as a model, we demonstrated that clorgyline, an MAOA inhibitor, slowed cell growth both in vitro and in vivo. Toxicity assays in vitro and the absence of notable necrosis or cell death in treated xenografts suggest that this eVect is mainly due to inhibition of proliferation rather than to induction of apoptosis. Gene expression proWling revealed changes in transcriptional programs in clorgyline-treated VCaP cells aVecting similar pathways and biological processes to those in treated epithelial cells cultured from high-grade primary PCa ). SpeciWcally, clorgyline upregulated genes that are repressed by the oncogenes Src, beta-catenin, and MAPK, and downregulated genes that are activated by Src. Moreover, clorgyline induced gene expression associated with secretory diVerentiation in VCaP cells. The anti-oncogenic and pro-diVerentiation eVects of clorgyline on cells cultured from both high-grade primary adenocarcinomas as well as androgenindependent metastases point to the possibility of MAOA inhibitors as therapeutic agents for several stages of PCa treatment.
The eVects of clorgyline in VCaP cells showed both similarities and diVerences to those in primary cultures of prostatic epithelial cells. First, clorgyline inhibited VCaP cell growth but not that of primary cultures. This may be due to diVerences in composition of culture medium or to biological diVerences between the cells. Second, clorgyline counteracted a larger number of oncogenic pathways in cells cultured from high-grade PCa than in VCaP cells (7 vs. 3). However, two of the three pathways aVected in VCaP cells were among the seven pathways aVected in primary E-CA cells, indicating a common mechanism of action of clorgyline between these cells. This premise is supported by the fact that the top 10 SAM genes upregulated by clorgyline in primary E-CA cells were also upregulated in VCaP cells as determined by qRT-PCR. Finally, one-third of the secretory cell-speciWc genes upregulated in VCaP by clorgyline was also upregulated in primary E-CA cells, suggesting a similar diVerentiation-promoting eVect of clorgyline in these cells.
Similar to primary E-CA cells, VCaP cells treated with clorgyline showed increased expression of AR and a subset of genes previously reported to be upregulated by androgen in another PCa cell line, LNCaP (DePrimo et al. 2002) . Nine of the 59 androgen-induced genes upregulated by clorgyline in VCaP cells were also induced in clorgylinetreated primary E-CA cells ). However, several of the classic AR target genes, notably PSA, were not upregulated by clorgyline in VCaP cells, whereas PSA was induced in clorgyline-treated E-CA cells ). AR signaling is complex and model-dependent, and recent studies suggest that there are major diVerences in androgen-mediated signaling pathways in hormone-dependent versus castration-resistant PCa cells ). The role of androgen-mediated changes in the antitumor eVects of clorgyline remains to be fully elucidated. Inhibition of oncogenic pathways or promotion of diVerentiation, perhaps through downregulation of EZH2 and re-expression of genes repressed by the polycomb group complex containing EZH2, may be the more dominant activities leading to tumor repression by clorgyline.
Perhaps the most promising Wnding from our study is that clorgyline not only inhibited VCaP xenograft growth in vivo, but also induced similar gene expression changes to those that we observed in vitro in both E-CA and VCaP cells. SpeciWcally, six of the ten SAM genes upregulated by clorgyline in E-CA and VCaP cells in vitro were also upregulated in clorgyline-treated xenografts. Notably, these six genes are among those most highly induced by clorgyline in cultured VCaP cells (Figs. 2 and 5d ), which may explain why induction of these genes was observed in vivo, while induction of the ones whose upregulation was modest in cultured VCaP cells was not. Some of these genes have been implicated in other types of cancers. For example, PHF3, whose expression is the most highly upregulated in clorgyline-treated VCaP xenografts, is frequently lost in gliomas (Fischer et al. 2001) . Additional studies are needed to investigate the role of these genes in PCa. Regardless, these genes may serve as valuable biomarkers to monitor patient response to clorgyline in clinical settings.
In conclusion, we have shown that clorgyline exerts antioncogenic and pro-diVerentiation eVects in a model of advanced PCa, and decreases the proliferative ability of PCa both in vitro and in vivo. The ability of clorgyline to counteract oncogenic pathways and promote diVerentiation suggests that MAOA inhibitors, which are already used in clinical practice for treating neurological disorders, could be therapeutic options for advanced stages of PCa.
